Amyotrophic lateral sclerosis has been linked to the gain of aberrant function of superoxide dismutase, Cu, Zn-SOD1 upon protein misfolding. The mechanism of SOD1 misfolding is thought to involve mutations leading to the loss of Zn, followed by protein unfolding and aggregation. We show that the removal of Zn from SOD1 may not lead to an immediate unfolding but immediately deactivates the enzyme through a combination of subtle structural and electronic effects. Using quantum mechanics/discrete molecular dynamics, we showed that both Zn-less wild-type (WT)-SOD1 and its D124N mutant that does not bind Zn have at least metastable folded states. In those states, the reduction potential of Cu increases, leading to the presence of detectable amounts of Cu(I) instead of Cu(II) in the active site, as confirmed experimentally. The Cu(I) protein cannot participate in the catalytic Cu(I)-Cu(II) cycle. However, even without the full reduction to Cu(I), the Cu site in the Zn-less variants of SOD1 is shown to be catalytically incompetent: unable to bind superoxide in a way comparable to the WT-SOD1. The changes are more radical and different in the D124N Zn-less mutant than in the Zn-less WT-SOD1, suggesting D124N being perhaps not the most adequate model for Zn-less SOD1. Overall, Zn in SOD1 appears to be influencing the Cu site directly by adjusting its reduction potential and geometry. Thus, the role of Zn in SOD1 is not just structural, as was previously thought; it is a vital part of the catalytic machinery.
Introduction
Superoxide dismutase, SOD1, is an enzyme responsible for the removal of superoxide, (O 2 ) − [Eq. (1)], a toxic product linked to aging and other negative effects in the body.
The dismutation/disproportionation mechanism is shown in Scheme 1 [1] [2] [3] . In this mechanism, superoxide is guided to the Cu(II) site by the electrostatic loop ( Fig. 1) via the Arg143 or R143 residue (I in Scheme 1) [4] [5] [6] [7] . Upon oxidation of superoxide to triplet oxygen dimer, the Cu(II) reduces to Cu(I) (II in Scheme 1), which is followed by proton transfer to the substrate and oxidation of Cu(I) to Cu(II) (III in Scheme 1). A proton is delivered to the active site and hydroperoxide anion leaves, while Cu coordinates a water molecule, and the protonation state of R143 gets restored (IV in Scheme 1). Lastly, substitution of the water molecule by another superoxide causes the reforming of the initial complex. The critical aspect of SOD1 functionality is the efficient cycling of the Cu center between Cu(I) and Cu(II) forms.
Aggregation and loss of function of SOD1 is known to be associated with amyotrophic lateral sclerosis, or ALS, a neurodegenerative disease that affects the motor neurons of afflicted patients [8] [9] [10] [11] [12] . Aggregation results primarily from mutations in SOD1, and over 100 mutant forms of SOD1 have been linked to ALS [8, [13] [14] [15] .
SOD1 is a dimer (Fig. 1 ) and aggregation is initiated by first the formation of monomers followed by the release of metals and, finally, aggregation due to loss of key structural support in the enzyme [13] . In human SOD1, catalysis occurs at the Cu site, whereas the Zn site is believed to be important for the support of the whole protein structure [16] . The Zn-less monomer structure is the precursor to SOD1 aggregates. The effect of Zn loss has been addressed experimentally [16] . Kinetic studies have shown that, under dialysis conditions, dimer dissociation and the aggregation of the monomers are primarily coupled to metal loss [13] . The X-ray structures of Zn-less wild-type (WT)-SOD1 have distortions of the Zn loop and electrostatic loop primarily near to the Zn site, whereas Cu-deficient SOD1 largely retains its structure [7] . Previous computational studies on the SOD1 enzyme and its variants replicated the experiment in predicting an aggregation-prone misfolded Zn-less state [17, 18] . These studies also show that there is a strong positive correlation in the motion between residues on the active-site loop, which may explain the ease of aggregation upon single mutations [8] . Thus, the structural role of Zn was established. However, the Zn site is located very near the Cu site and shares the bridging H63 residue. Thus, Zn is likely to be important also for the enforcement of a particular coordination of Cu and influences the Cu site electrostatically. Hence, Fig. 1 . WT-SOD1 dimer showing the Cu site [H46, H48, H120, Cu (large orange ball); orange region], Zn site [H63, H80, H71, D83, Zn (large gray ball); teal region], Zn loop (residues 50-83; bright green region), and electrostatic loop (residues 121-142; magenta region); R143 is shown at the end of the electrostatic loop. Zn might be a vital part of the catalytic machinery. In this work, we address this aspect.
We focus on the effect of Zn removal on the protein structure, electronic structure of the Cu site, and catalytic functionality of SOD1. Unlike the earlier studies that used classical force-field-based methods, we use mixed quantum-classical methodology to more rigorously assess the behavior of the Cu site. In experimental studies of Zn-less SOD1, mutants unable to bind or retain Zn are used, since removing Zn from the WT-SOD1 appears to be difficult without also losing Cu [7] . Computationally, we have access to the Zn-less WT-SOD1. We employ mixed quantum-classical simulations {quantum mechanics (QM)/discrete molecular dynamics (DMD) [19] } and ab initio electronic structure calculations, described in Materials and Methods. The variants studied here are the WT-SOD1 (WT-SOD1), Zn-less WT-SOD1, and the Zn-less D124N variant of SOD1 (D124N-SOD1). D124N-SOD1 was chosen because it is one of the primary mutants used in experiments as a model of Zn-less SOD1; D124 is a residue coordinating Zn, and it is also a secondary bridging residue between the Cu and Zn sites. We test our theoretical predictions experimentally.
Results and Discussion
Zn-less WT-SOD1 and D124N-SOD1 structures In Fig. 2 , the structures of the active sites and portions of the protein treated at the QM and DMD levels are shown and detailed as described in Materials and Methods. The results of QM/DMD simulations for the Zn-less WT-SOD1 (WT-SOD1) and Zn-less D124N-SOD1 are shown in Figs. 3 and 4, respectively. These are the graphs showing changes in QM energies, DMD energies, backbone RMSD, and active-site all-atom RMSD in the course of the simulations. The initial input structure taken from PDB and modified for our purposes is used as a reference in these plots. The convergence of the results is apparent from Figs. 3 and 4. The fairly large fluctuations of the DMD energies are typical, in view of the abrupt square-well potentials used. In a number of previous studies, we have shown that this is adequate and does not prevent QM/DMD from recapitulating native protein structures in agreement with the experiment [19, 29, 31, 32] . Importantly, the fluctuations of the QM energies and RMSD values of the QM region are small at convergence. From Fig. 3 , the QM energies for Zn-less WT-SOD1 mostly decrease by less than 10 kcal/mol. Most of the deviation in energy is seen in the DMD energies, which show energy decreases ranging from − 5 to − 70 kcal/mol, with an average decrease of approximately − 35 kcal/mol over the course of 50 iterations. This indicates the rearrangements in the DMD region and developing deviations from the X-ray structure. The backbone RMSD stabilizes after 20 iterations at ca 1.0 Å. The active-site all-atom RMSD stabilizes at ca 0.6 Å. The overlaid structures for Iterations 20-50 are shown in the supporting information ( Fig. S1 ). QM/DMD simulations predict a clear shift in the structure of the Zn-less WT-SOD1 relative to the starting X-ray structure of WT-SOD1 and stabilization in a new basin. Based on what was previously known about the Zn-less SOD1, it is surprising that the changes in the structure of the protein are not more dramatic. No unfolding was observed in the timescale of the simulation. The found folded state thus must have a finite lifetime, though perhaps it is still metastable.
The QM/DMD simulation for the D124N mutant took longer to converge. In Fig. 4 , the QM energies for Zn-less D124N-SOD1 decreased by less than 15 kcal/mol. In fact, there are greater deviations in all energies and RMSD values as compared to the Zn-less WT-SOD1. The DMD energies decreased by ca 160 kcal/mol relative to the initial structure, where these DMD energy changes range from − 100 to − 180 kcal/mol. For the backbone, the RMSD value stabilized after about 50 iterations at around 2.3 Å, which is a representation of a larger change in the backbone structure as compared to that for Zn-less WT-SOD1. The active-site RMSD stabilizes at ca 1.8 Å after Iteration 50. The overlaid structures for Iterations 50-100 are shown in the supporting information. The Zn-less D124N-SOD1 shows a clear stabilization in the new well, different from both WT-SOD1 and Zn-less WT-SOD1. Still, the change in structure is rather modest, considering the anticipated unfolding. These results again suggest that there is at least a metastable minimum corresponding to the folded Zn-less D124N-SOD1. It is also curious that the changes in the two Zn-less variants are quite different, potentially alerting against the adequacy of the D147N mutant as a model for Zn-less SOD1.
From the converged QM/DMD iterations, initial structures for Zn-less WT-SOD1 and Zn-less D124N-SOD1 were selected for bond and charge analysis, as well as for the study of binding of superoxide to the Cu site.
Details of changes in the active sites of SOD1 variants upon Zn removal
The effects of Zn deficiency on bond lengths around the Cu site, as well as the Cu charge without the superoxide substrate, are shown in Fig. 5 . The reference WT-SOD1 structure was obtained by cutting the larger active site containing both Zn and Cu with their coordination spheres out of the PDB structure, fixing the points of attachment to the rest of the protein and optimizing at the QM level. This structure is in close agreement with the X-ray data. There are four ligands coordinating Cu in a distorted square planar form (H46, H48, H63, and H120), with bond lengths shorter than 2.1 Å. However, Zn-less WT-SOD1 loses one of these ligands (H120), with the coordinating nitrogen on the imidazole being 4.826 Å away from Cu (label e in Fig. 5-2 ). The Zn-less D124N-SOD1 variant differs from WT-SOD1 even more dramatically: the coordinating nitrogen on the H120 imidazole is now 6.730 Å away from Cu (label e in Fig. 5-3 ), and the coordinating nitrogen on the H63 imidazole is 4.107 Å away (label c in Fig. 5-3 ). Indeed, Zn-less WT-SOD1 and its D124N-SOD1 variant exhibit very different changes in the coordination of Cu.
Focusing on the R143 residue, in the WT-SOD1, this residue is far from the Cu site (ca 8 Å) and adopts a sterically favored position (label a in Fig. 5-1 ). This residue comes into play during the catalytic mechanism (Scheme 1). However, in both Zn-less WT-SOD1 and Zn-less D124N-SOD1, R143 develops a hydrogen-bonding contact with H120 departed from the Cu site (label f in The Zn cation in the WT-SOD1 shows coordination with the four ligands (H63, H71, H80, and D83), H63 being a bridge to the Cu site. Once Zn is removed, this site restructures: residues that used to coordinate Zn start interacting with each other and also with the residue D124 (in the Zn-less WT-SOD1). D83 now forms a hydrogen bond of 1.794 Å with the bridging H63 (label h in Fig. 5-2 ). D124 forms a hydrogen bond of 1.624 Å with H46 (label g in Fig. 5 -2) and engages in the shared proton relationship, with hydrogen now preferentially residing on D124 rather than on H46. H46 is coordinated to Cu, and the fact that it easily gives away its second proton indicates a change in the electronic structure of Cu (see the discussion below).
The distortions are more dramatic for Zn-less D124N-SOD1. The bridging H63 no longer coordinates with Cu (label g in Fig. 5-2 ). The hydrogen- bonding network is formed with mutant secondary bridging residue N124. There is a hydrogen bond between N124 and H46 of 1.713 Å (label g in Fig. 5-3 ) but without hydrogen transfer, and there is a hydrogen bond of 2.391 Å between N124 and D83 (label h in Fig. 5-3 ).
The geometric changes in Zn-less WT-SOD1 and D124N-SOD1 are accompanied by changes in the electronic structure of the rest of the active site.
Notice that, in order to be catalytic, Cu needs to remain Cu(II) before binding superoxide (Scheme 1, I) and maintain the proper reduction potential for the dismutation mechanism to work. The Natural Population Analysis (NPA) charge on the Cu site in WT-SOD1 is + 1.144 ( Fig. 5-1 ), corresponding to the formal oxidation state of Cu(II). However, in both Zn-less SOD1 variants, the charge on Cu drops significantly ( Fig. 5-2 and 5-3) to + 0.856 in Zn-less WT-SOD1 and to + 0.682 in Zn-less D124N. Notice again the appreciable difference between these two Zn-less proteins. Since the number of electrons remains unchanged in our calculations and Cu remains formally Cu(II), then the change of charge indicates the change in the reduction potential; that is, the Cu site in Zn-less proteins seems to be more readily reduced.
As an estimate for the reduction potentials for SOD1 variants, the energies of the LUMO and HOMO-LUMO gaps were calculated (Table 1) . Also, the HOMO and LUMO isosurfaces are plotted in Fig. 6 . The HF LUMO energies will be used to represent the reduction potential (E 0 ) based on E 0~− EA (electron affinity) = E LUMO , in accord with Koopmans theorem [20] [21] [22] [23] [24] [25] [26] [27] . The WT-SOD1 has the lowest E 0 (the energy of the LUMO is − 9.995 eV), whereas the Zn-less WT-SOD1 and Zn-less D124N-SOD1 have much higher E 0 values (the energies of the LUMO are − 1.076 eV and − 1.629 eV, respectively). This trend indicates that the Zn-less forms of SOD1 are much more easily reduced, that is, go from Cu(II) to The changes in the electronic structure of the active sites upon Zn removal are further illustrated by the HOMOs and LUMOs shown in Fig. 6 (left panel) . In particular, notice the change of the shape of the LUMO upon Zn removal. The electron density is spread over a much larger region (including H46, H48, H63, H120, and R143), indicating the mixing of the atomic orbitals of the Cu site with the states of the ligands. This mixing is inaccessible in the WT-SOD1, where the LUMO concentrates on the Cu site. The HOMOs in all protein variants are localized on the H71 and D83 residues, (former) ligands of the Zn cation.
The change in the reduction potential of the Cu site must have direct consequences for the catalytic activity of the Zn-less SOD1 variants, since the enzyme depends on the efficient cycling between Cu(II) and Cu(I) (Scheme 1). If the Cu site preferentially exists as Cu(I), the catalytic efficiency will be harmed. To experimentally test for the possibility of Cu(I) forming in the active site of Zn-less SOD1, we used a colorimetric assay for Cu(I) detection.
Experimental confirmation of Cu(I) in D124N-SOD1
Experimental results are shown in Fig. 7 . The Zn-less D124N-SOD1 variant contains an estimated 0.4 Cu(I) per dimer (corresponding to a reduction of approximately 23% of the total bound copper) prior to the addition of reducing agent. Incubation of D124N-SOD1 with 1 mM DTT increases [Cu(I)] tõ 1.5 per dimer, over 85% of the total copper. As previously observed [28] , very little Cu(I) can be detected in metal-replete WT-SOD1, even following incubation with 1 mM DTT. These results demonstrate the susceptibility of Cu(II) to be reduced in Zn-less SOD1, even in the absence of reducing agents in the solvent.
Thus, indeed, Zn-less SOD1 is prone to deactivation due to the reduction of Cu(II) to Cu(I), without the need for unfolding and aggregation of the protein.
However, most importantly, this experiment confirms the dramatic change in the reduction potential of Cu, which in itself should impact the catalytic mechanism, even without the complete reduction of Cu in the resting state of the protein.
Effect of Zn removal on binding the superoxide substrate in the catalytic mechanism of SOD1
In order to determine how the large structural distortions and changes in the electronic structure of the Cu site would affect the catalytic mechanism of Zn-less SOD1, we tested the binding of superoxide to the Cu site in the considered protein variants. The full mechanistic investigation is formidable and beyond the scope of the present study. The coordination of O 2 − must be assisted by the interaction with the residue R143, as in the WT enzyme (Scheme 1), and therefore, R143 is included in these calculations. The structures of the complexes of the SOD1 variants with superoxide are shown in Fig. 8 . These were obtained by taking representative structures from the equilibrated QM/ DMD ensembles (the X-ray structure in the case of the WT-SOD1), binding the substrate, and optimizing the complexes at the QM level, keeping the atoms attaching the complexes to the protein backbone fixed. The WT-SOD1 has the lowest binding energy (− 10.991 eV), compared to Zn-less WT-SOD1 (− 7.867 eV) and Zn-less D124N-SOD1 (− 6.895 eV); that is, the WT-SOD1-superoxide complex is the most stable of the three.
There are significant differences between the WT-SOD1 and the Zn-less variants and also between the two Zn-less variants in how they bind the substrate. For the WT-SOD1 ( Fig. 8-1 ), the Cu site maintains the highly positive partial charge of + 1.165, experiencing only a small change of + 0.021 after adding superoxide. These positive charges are indicative of Cu(II), which is the Cu form required in the initial binding of superoxide mechanism. The superoxide substrate replaces the H120 ligand of Cu, which moves to 2.331 Å (d in Fig. 8-1 ) away from Cu. The Cu site thus keeps the original distorted square planar coordination with the remaining Cu ligands of H46, H48, and H63 and superoxide bound. It is noted that the calculated bond lengths for the unbound superoxide and neutral triplet oxygen dimer are 1.360 Å and 1.215 Å, respectively. The bond length in superoxide bound to the WT-SOD1 is 1.277 Å, that is, between the calculated bond lengths for unbound superoxide and neutral triplet oxygen dimer. This distance indicates that the Cu(II) already engages in electron transfer and transitions the superoxide toward the neutral oxygen dimer. The charges on the superoxide are as follows: the oxygen attached to the Cu (O Cu1 ) is charged − 0.195, and the other oxygen (O Cu2 ) is charged − 0.229. O Cu2 forms a 1.788-Å hydrogen bond to the NH group of R143, and the hydrogen on that group holds the charge of + 0.441. The dihedral angle Cu-O Cu1 -O Cu2 -H-N-(R143) is 4°; that is, these atoms coordinate in a plane, as in I (Scheme 1). The structure is completely consistent with the proposed catalytic mechanism (Scheme 1).
Zn-less WT-SOD1 and Zn-less D124N-SOD1 produce very different coordination modes with superoxide. In Zn-less WT-SOD1 ( Fig. 8-2 ), Cu holds a partial charge of + 1.113 (lower than in WT-SOD1) and exhibits a greater change in charge of + 0.257 after adding superoxide (unlike the negligible change seen in WT-SOD1). The distorted square planar coordination of Cu changes in the same way as in the WT-SOD1. However, the superoxide bond length is 1.340 Å, that is, nearly identical with that in the unbound superoxide (1.360 Å), consistent with the weaker binding to Cu in this protein variant. The charge separation between O Cu1 and O Cu2 is now very small, 0.016, that is, about half that for WT-SOD1. The Cu-O Cu1 -O Cu2 -H-(N-R143) dihedral angle is 156°, which is reasonably close to 110°in structure III (Scheme 1) [1] and definitely very different from the almost planar dihedral angle found in WT-SOD1 with bound superoxide (Fig. 8-1 ) and I (Scheme 1). However, the hydrogen from R143 does not spontaneously transfer to superoxide as in III (Scheme 1).
These observations confirm that the redox behavior of Zn-less WT-SOD1 is radically different from that of WT-SOD1 and in a way akin to the protein containing Cu(I) in the resting state. The similarity between the structure with the superoxide bound to Zn-less WT-SOD1 and structure III indicates that its catalytic functionality is depleted, since the steps in the oxidation of superoxide between I and II cannot occur.
Zn-less D124N-SOD1 ( Fig. 8-3 ) behaves completely differently from both WT-SOD1 and Zn-less TW-SOD1, and it indicates significant mechanistic differences and again alerts against the adequacy of this system as a model for Zn-less SOD1. There is a complete loss of interaction between the superoxide and R143, and instead, there is a new hydrogen bond between the superoxide and H120. The partial charge on Cu is + 0.883 (lower than that for WT-SOD1 and Zn-less WT-SOD1), indicating that Cu is prone to become Cu(I) in this Zn-less variant, as also seen in our experiment. The change of charge upon adding superoxide is + 0.201 (quite large as compared to WT-SOD1). The coordination of Cu is no longer distorted square planar but almost trigonal planar, more characteristic of Cu(I) than Cu(II). The superoxide bond length upon coordination is 1.302 Å. The partial charges are swapped on the superoxide oxygens, where the charge on O Cu1 is now more negative (− 0.316) than that on O Cu2 (− 0.239). The Cu-O Cu1 -O Cu2 -H-(N-Arg-143) dihedral angle is 26°, that is, not resembling III (Scheme 1) as in the case of Zn-less WT-SOD1. This behavior, though convoluted, where the redox properties of the Cu site and the structure are completely different from WT-SOD1 with or without Zn, again suggests that the Zn-less D124N-SOD1 would be catalytically inactive even without protein unfolding and aggregation.
Electronic changes in the active sites with superoxide bound support the described observations and provide further insight into the inactivity of the Zn-less SOD1 variants. Table 1 shows the related LUMO energies. From those, WT-SOD1 has the lowest E 0 , whereas the Zn-less WT-SOD1 and Zn-less D124N-SOD1 have relatively high E 0 values (like in the case of SOD1 without superoxide). Still, in all cases, the reduction potentials are higher than those for the variants without superoxide. Furthermore, WT-SOD1 has an almost non-existent HOMO-LUMO gap (+ 0.003 eV), indicating the readiness of the system for the next step in the catalytic cycle. The HOMO-LUMO gap for Zn-less WT-SOD1 is + 7.630 eV, whereas the HOMO-LUMO gap for Zn-less D124N-SOD1 is + 8.548 eV, that is, nearly an order of magnitude larger than that in WT-SOD1.
In Fig. 6 (right panel) , the HOMO and LUMO of these superoxide bound systems are shown, and one may see how inconsistent these frontier orbitals responsible for the reactivity and redox cycle look among the three studied variants. For WT-SOD1, both the HOMO and the LUMO show extensive electron delocalization across all residues of the active site. The close proximity and overlap of the HOMO and LUMO orbitals correlate with the negligible HOMO-LUMO gap. For Zn-less WT-SOD1, the HOMO changed very little upon adding superoxide, and it still mostly covers H71, H80, and D83. The LUMO stays on the Cu site and additionally incorporates superoxide and R143. The loss of more extended delocalization and overlap between the HOMO and LUMO goes together with the larger HOMO-LUMO gap. For Zn-less D124N-SOD1, the HOMO and LUMO are now localized on different parts of the active site and appear to switch as compared to the other two systems, suggesting that the ground state of Zn-less D124N-SOD1 roughly corresponds to the first excited electronic state for WT-SOD1 with or without Zn. These observations suggest a complete incompetence of the active site for its catalytic function.
Overall, our findings indicate that the Zn-less SOD1 variants do not immediately unfold and can be found in metastable folded states. However, they undergo significant changes that eliminate their catalytic activity at the electronic level. It is thus obvious that Zn not only plays a structural role but also directly influences the catalysis; Zn is an important component of the active site enabling the required redox behavior of Cu. In view of our experimental finding that there is a good chance that Cu exists as Cu(I) in the resting state of the Zn-less proteins, it is important to notice that, for Cu(I)-containing Zn-less SOD1, it would be unable to return to the Cu(II) state required for catalysis. Thus, with or without a complete reduction of Cu(II) to Cu(I), Zn-less forms of SOD1 are not catalytic.
Corroboration by earlier reports
The role of Zn in modulation of the oxidation state of Cu has been suggested previously [57, 58] . Crystallographic study of Zn-less SOD1 revealed increased solvent accessibility of the Cu site, which promotes reduction of the Cu site by small molecules such as ascorbate and glutathione [57] . We propose that loss of Zn induces not only a structural effect on the scale of the entire protein, but also a local effect on the coordination sphere of Cu, promoting a change from Cu to Cu(I). An involvement of Zn in the catalytic mechanism of SOD1 has also been previously attributed to its effect on the pKa (and resultant protonation state at physiological pH) of the shared Cu/Zn ligand H63 [58] .
In summary, a joint theoretical and experimental approach was used to assess the structural and electronic consequences of Zn removal on SOD1. Two Zn-less SOD1 variants were considered, the one with the native sequence and the D124N mutant typically used in experimental studies of SOD1 without Zn. Mixed quantum-classical dynamics simulations showed that these Zn-less proteins have at least metastable states with appreciable lifetimes in which the SOD1 fold is mostly preserved. This is in contrast to the idea that the loss of Zn leads to the immediate unfolding of the protein. The structural changes found in these folded Zn-less states are localized to the active sites and the catalytic Cu sites in particular. Both the coordination sphere and the electronic structure of the Cu center change upon Zn removal. Through electronic structure calculations and molecular orbital analysis, we show that the redox behavior of Cu changes, and it is likely to exist as Cu(I) in the resting state of the Zn-less enzyme, instead of Cu(II) required for the catalytic cycle. This prediction is confirmed experimentally: in the Zn-less D124N-SOD1, there is a noticeable amount of Cu(I), which becomes nearly 85% Cu(I) in the presence of a reducing agent. For the WT-SOD1, the presence of a reducing agent does not change the oxidation state of Cu, which thus remains Cu(II). Once in the Cu(I) form, SOD1 becomes catalytically inactive, according to the known mechanism (Scheme 1) where Cu cycles between Cu(II) (in the resting state) and Cu(I).
We further show that, even without the complete transition to Cu(I), the catalytic activity of the Zn-less proteins is eliminated. The effect of the structural and electronic changes in the Cu site on its interaction with the superoxide substrate was assessed. The substrate binding, resultant charge distribution and charge separation in it, HOMO-LUMO gaps in the SOD1-superoxide complexes, and hydrogen-bonding networks are all disrupted in the Zn-less variants. Also, the changes are quite different between the Zn-less SOD1 with the native sequence and its D124N mutant; in the mutant, they are more radical. The binding of superoxide to Zn-less WT-SOD1 is much weaker than to WT-SOD1, and it is even weaker in Zn-less D124N-SOD1. The residue R143, critical for hydrogen transfer in the catalytic mechanism (Scheme 1), is oriented differently with respect to the bound substrate in Zn-less WT-SOD1 and is not in coordination with the substrate in the Zn-less D124N variant. The HOMO-LUMO gap in the complex of native WT-SOD1 and superoxide is nearly zero, indicating the readiness of the system to undergo the required election transfer, but in the Zn-less variants, the HOMO-LUMO gaps are insurmountable, on the order of 8 eV. The D124N variant further exhibits state-crossing as compared to WT-SOD1, with or without Zn. The electron density distributions in the frontier orbitals of the complexes support the differences in the HOMO-LUMO gaps. In both Zn-less proteins, the oxidation of superoxide to triplet oxygen dimer is, thus, predicted to be abolished.
Overall, we show that Zn not only plays a structural role in SOD1 but also directly influences the catalysis, enabling the proper coordination and reduction potential of the Cu site. Removal of Zn causes the elimination of the catalytic activity of SOD1 even without protein unfolding and aggregation. It also makes the Cu center prone to deactivation due to immediate reduction to Cu(I) in the resting state.
Materials and Methods

Computational details
The SOD1 enzyme was characterized using our QM/ DMD method [19] . In a number of works, we demonstrated its successful performance for the assessment of structure, mechanisms, conformational changes, and effects of metal replacement in metalloenzymes [19, [29] [30] [31] [32] . In Fig. 2 , we show the QM/DMD partitioning of the protein.
The Cu site with its immediate ligands and part of second coordination spheres are treated at the QM level: we used the density functional theory method, TPSS [33] [34] [35] [36] , with the resolution of the identity [37-39] and Grimme's D3 dispersion correction [40] . The nonhybrid functionals are known to do well in structure prediction, and we used it for this purpose in order to save the computational cost. For further properties assessment, we relied on hybrid functionals (see below). The def2/SVP [41] basis set was used for all atoms other than Cu, and for Cu, we used the def2-TZVPP [42] basis set with effective core potential. The TURBOMOLE program [43] was used for all QM calculations. QM/DMD is an iterative dynamical method, as described in details elsewhere. During the DMD [44, 45] stage of the simulations, the QM-DMD boundary shrinks down to the tiny coordination area around Cu so that there would be no need to treat the Cu site using the classical force field, and yet it would be possible to provide maximal sampling on all of the protein including most of the active site. At the QM stage, the QM-DMD boundary expands to the larger and chemically meaningful active site shown in Fig. 2 . The points where the structure is attached to the rest of the protein are capped with hydrogen and fixed, and the resultant structures are ranked and optimized at the QM level. They then get reinstalled in the protein, the QM-DMD boundary shrinks again, and simulations continue with the DMD phase.
The number of QM/DMD iterations ranged from 50 to 100 depending on the protein variant considered, which roughly corresponds to 25-50 ns of dynamics [19] . The timing is approximate because not the entire QM region is treated dynamically and because of the light coarse graining in the DMD machinery. QM/DMD is used here for sampling and the assessment of the equilibrium protein structures. The simulations were running to convergence in terms of the total backbone RMSD, all-atom RMSD of the active site, QM energies of the active site, and DMD energies of the DMD region.
The structure of the WT-SOD1 with Zn was obtained † (PDB ID: 1SPD; see Fig. 2-1 and 2-2) , the Zn-less WT-SOD1 was obtained by removing the Zn from 1SPD [QM region is in orange in Fig. 2-3 (residues: Cu, H46, H48, H63, H120, D124)] and equilibrating the resultant protein, and Zn-less D124N-SOD1 was obtained by removing Zn and performing the D124N mutation to the monomer of 1SPD [QM region is in orange in Fig. 2-4 (residues: Cu, H46, H48, H63, H120, N124)], followed by equilibration. The protonation states of amino acids were assumed to correspond to pH 7; for example, Asp and Glu were deprotonated, His was singly protonated (unless bound to both metals in which case it was doubly deprotonated), and so on. The effect of the pH was not considered any further in this work. All residues included in the QM region were truncated by cutting the C α -C β bond and capping the C β atom with hydrogen pointing along the C β -C α vector at a fixed C β -H distance.
For the property calculations that followed equilibration, we used exclusively QM. The more extended Cu-containing active site, the Zn site, and R143 were included in the expanded QM region (Fig. 2-2 to 2-4) . R143 is important for the catalytic mechanism (see Scheme 1) [1, 6] . Additionally, R143 shares the electrostatic loop with the D124 residue, which is a secondary bridge between the Cu and Zn sites (Fig. 1) . The Zn loop and Cu site are involved in maintaining the dimer structure, and the Zn loop also interacts with the electrostatic loop (Fig. 2) . Partial atomic charges were obtained using the NPA [46] at the TPSSh/def2-SVP, def2-TZVPP,B3-LYP [33, 34, [47] [48] [49] [50] /def2-SVP,def2-TZVPP, and B2-PLYP [51]/def2-SVP,def2-TZVPP levels of theory. The density functionals of TPSSh, B3-LYP, and B2-PLYP are acceptable choices for charge analysis [52] . In order to determine the solvent effects on the SOD1 variants, we performed single-point total energies at zero Kelvin using TURBOMOLE's version of the COSMO (conductor-like screening model) [53] . The dielectric constant for water used was 20 [54] . Molecular orbitals were constructed at the Hartree-Fock level of theory, HF/def2-SVP, def2-TZVPP, as the HF orbitals are one-electron eigenstates whose energies have the meaning of Koopmans' theorem [55] . 
